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HEADQUARTERS
U. S. ARMY TRANSPORTATION RESEARCH COMMAND
Fort Eustis, Virginia

FOREWORD

The U. S Army, through the facilities of the U. S. Army Transpor-
tation Research Command, Fort Eustis,‘Virginia, has been studying various
methods for extending the range of Army aircraft and, in particular, the
range of the heiicopter. One method being investigated, which indicates
that ferry ranges of 2,000 miles or more are attainable, is one in which
floating-wing fuel tanks are attached to a helicopter's fuselage through
a hinge connection.

The report presented in the following pages is Volume 3 of a five-
volume final report of the analysis and wind-tunnel investigation of the
floating-wing system. Volume 3 presents the results of the wing flutter
analysis of the floating wing at various fuel conditions. The con-
clusions contained herein are concurred in by this Command.

FOR THE COMMANDER:

APPROVED BY:
ROBERT D. POWELL, JR. 2 L F. GAROFALO
USATRECOM Project Engineer CWOo-4 UsA

Assistant Adjutant
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NOMENCLATURE
Nondimensional distance from wing midchord to elastic axis,
E.A.; a =aVYb

Dimensional distance from wing midchord to E.A.; positive for
aft E.A.

Semichord
Generalized coordinate

Pitching moment of inertia of wing element at Station i about
E.A.

Fuselage moment of inertia in pitch about its C.,G.
Mass of wing element at Station i

Effective wing mass for first mode

Effective wing mass for the second mode

Fuselage mass

Distance from aircraft C.G. to wing E.A.

Airspeed

Distance from wing E.A. to wing element C,G, at Station i,
positive for ¢G. aft of E.A.

Wing spanwise distance from the fuselage centerline to the
elemental mass Mwi

Bay width

Vertical deflection at wing span Station i; positive down left
wing - normal mode

Fuselage vertical coordinate, positive down

Fuselage pitch deflection, positive nose up

Static moment of wing element at Station i about E.A.
Fuselage roll, positive left wing down

Wing torsional deflection at span Station i; positive nose up -
left wing - normal mode

Air mass density




W Flutter natural frequency
w

br Wing natural frequency of r th mode, r: 1,2 etc.
Subscripts:
£ Denotes the fuselage
i Denotes the wing spanwise Station i: 1,2,3
w Denotes the wing
1 Denotes the first wing mode
2 Denotes the second wing mode

Other symbols are explained when used.
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SUMMARY

Anti-symmetric and symmetric flutter investigations are performed on the
Range Extension floating wing for various fuel loading conditions and
combinations of wing modes. The method employed in this analysis makes

use of Theodorsen's oscillating aerodynamic loads for the generalized
excitation. Mechanical equations of the system are obtained with Lagrange's
method using several combinations of three wing modes, and two rigid fuselage
modes as generalized coordinates. Solution of the flutter determinant is
obtained by an IBM 650 computer program. Results of the flutter calcula-
tions are presented as plots of airspeed against wing modes frequency ratio,
from which the flutter speed is determined by the intersection of the actual
frequency ratio with the characteristic curve.

Results of the analysis indicate that the flutter characteristics of the
delta hinge wing arrangement are unacceptable. The investigation shows
that for both the 0% and 100% fuel configurations the flutter speeds are
below the cruise speed of 80 knots. It is indicated that the low flutter
critical speeds calculated here are closely associated with the aircraft
roll-wing rigid body flap instability which has been determined to be an
aircraft flight instability. The wing design is being revised to a straight
hinge configuration in which the necessary aerodynamic wing spring is being
furnished by a differential flap system. This change, which will eliminate
the unusual flap-pitch coupling in the oscillatory airloads, should improve
the flutter situation.

The effects of fuel slosh calculated herein can be evaluated on a rel-
ative basis. The slosh is approximately simulated by partial fuel con-
ditions in which it is assumed that the fuel is sloshed fully forward or
fully aft in the tanks so as to cause maximum shift of the chordwise C.G.
position. Results show that the aft C.G. position obtained from partial
fuel in all tanks lowers the basic flutter speed appreciably. This can

be avoided by a fuel drainage schedule wherein one tank at a time is

fully emptied, tending to eliminate the critical aft C.G. along the entire
span.

To evaluate the final wing configuration from a flutter standpoint, it
is recommended that a ground shake test be performed to substantiate the
wing frequency estimates used in the analysis. Then flight flutter tests
should be conducted starting with the empty wing configuration and con-
tinuing with successively larger fuel quantities until the full range of
fuel variations is explored.




I. INTRODUCTION

This flutter study is part of an analytical and wind tunnel study being
conducted under the Reference 1 Transportation Research Command contract.
The program is aimed at the development of a means for helicopter range
extension through application of a floating fuel wing concept. Under an
earlier contract, Reference 2, Vertol conducted an initial feasibility
study of the floating wing concept. Results of this study are reported
in Reference 3. The present analytical and wind tunnel investigation is
under the Reference 1 contract and is based on a Vertol proposal,
Reference 4. Phase I of the present contract, consisting of wind tunnel
and mechanical instability studies, was reported in Reference 5 and 6.
The present flutter analysis is a part of Phase II of the contract.

The range of present-day helicopters with normal fuel load is less than
400 nautical miles. Even with additional internal tanks, the helicopter
range is less than 1100 miles. With floating wings, the range can be ex-
tended to as much as 2400 miles, corresponding to the longest over-water
distance on the Pacific Ocean ferry route.

Each floating wing contains compartmented tankage connected by lines to
the helicopter's main tank. The wing lift supports the fuel weight that
it carries, and the helicopter acts as a tow to propel the wing forward.
Wing attachment to the helicopter is through a hinge so as to eliminate
the bending moments at the fuselage applied by conventional wings, thus
avoiding the addition of extensive wing carry through structure to the
helicopter.

The hinge line is not horizontal, but is skewed aft as shown.
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As fuel is consumed and the wings become lighter, they tend to flap up-
ward about the hinge. Because of the skewed orientation, the angle of
attack at any chord line is reduced as the wings flap up, the lift is
reduced, and the wing assumes a new mean position. Full span pilot
controlled wing flaps are also provided, so that the trim attitude of
the wing may be adjusted; these are also used as high lift devices
during the running takeoff.




The analysis performed herein is intended to establish the flutter char-~
acteristics of the floating wing system. In normal flight, the surfaces
of an aircraft are subject to almost continuous disturbances by random
aerodynamic loads. Gusts and pilot course corrections, for example, put
temporary loads on these surfaces. As with every elastic body, such
loads cause deflections of the aircraft structure and, at each application
of load, induce vibration in the body. Ordinarily, these vibrations are
highly damped and rapidly disappear. However, under certain conditions
involving the elastic. inertial and aerodynamic loads, the vibrations are
not damped, but a divergent oscillation arises commonly known as flutter.
In this event, after the initial disturbance, each successive vibration
becomes of larger amplitude. These oscillations can be dangerously large
and may lead to structural failure.

Aerodynamic forces on the wing can arise from oscillations in vertical
translation and pitching at each wing span station, and the coordinates
for the analysis have been selected for their contributions to such
motions. The coordinated degrees of freedom were considered under two
major categories: (1) symmetric, where vertical and pitch motion of the
helicopter, rigid flap of the wing about its skewed hinge, and coupled
flap bending-torsion were considered, and where all motions of the right
wing were mirrored symmetrically by identical motion of the left wing,
(2) anti-symmetric analysis where roll motion of the helicopter, rigid
flap of the wing about its skewed hinge, and coupled flap bending torsion
of the wing were considered, and where all motions of the right wing were
accompanied by equal and opposite motions of the left wing. The pilot
adjustable control flaps were not considered to be degrees of freedom
because of the rather rigid electrical screw jack actuator between the
wing and flap. In conventional wings where there are cable control
systems from the flaps to the pilot, the flap pitch restraint is low,
giving the flap a low natural frequency and making it an important de-
gree of freedom.

The flutter analysis of the floating wing arrangement is further compli-
cated by the effect of sloshing fuel. An exact analytical method for in-
cluding fuel motion in the flutter equation is not known, but several
approximate solutions have been published which include the effective
masses and inertias for the sloshing fuel. However, the most directly
applicable method to the present wing flutter study approximates the
sloshing fuel as a change in the chordwise center of gravity.

This report presents the flutter investigations conducted for the float-
ing fuel wings. Section II describes the floating fuel wing and gives
its natural modes under various fuel conditions. The flutter analysis
methods are presented in Section IIIL, together with detailed derivations
in Appendix A and Appendix B for the anti-symmetric and symmetric anal-
yses respectively. Section IV presents and discusses the flutter results
and views the influence of fuel slosh, and the conclusions of the invest-
igation are included in Section V. Numerical data including a typical
computer sample are presented in Appendix C.
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II. DESCRIPTION OF THE WING

Each of the wings is hinged freely about an axis set at a yaw angle of 45°
with respect to the longitudinal axis of the helicopter. The hinge offset
angle is such that a flap-up motion decreases the wing angle of attack, and
a flap-down motion increases this angle, thus tending to keep the wing at

a constant lift without the helicopter having to carry the wing weight.
Figure 1 illustrates the helicopter-wing system as applied to an H-21,

The wing analyzed under this feasibility study has a 67 ft. total wing span
and an 11.2 ft., chord. The flaps comprise 30% of the chord, and are pilot
adjustable by electrically actuated jacks to provide control of the trim
attitude. Each wing contains seven integral fuel tanks, with sets of tanks
interconnected as shown in Figure 2. Each wing tank carries 166.7 gallons
of fuel giving a total capacity for both wings of 2,343 gallons. Individual
wings weigh 1000 1lbs. empty, and 8000 lbs. fully fueled. The helicopter is
operated with the cabin empty, but with its own fuel tanks full on take-off
with 300 gallons, at a gross weight of 11,100 1bs. This is below the normal
gross weight of 13,500 1lbs. The helicopter-tank to engine-fuel system
operates in the normal manner. The helicopter tank is maintained at about
3/4 full by a pumping system from the wing tanks throughout the flight. The
present drainage schedule is for the tip tank pair to be emptied first, then
the most inboard set of tanks, and finally the middle tank pair, so as to
maintain the wing C.G. near the center of the span, and avoid loading the
helicopter.

Based on preliminary structural and weight estimates, the elastic center
shown in Figure 2 is at 40% chord, and the fully fueled C.G. is at 42.4%
chord. Detailed mass, mass moment of inertia and stiffness distributions
are shown in Figure 3. The pitching mass moments of inertia of the fuel
are taken to be 45% of their rigid value. The percentage figure is taken
from the flutter and slosh test investigation of Reference 19, Figure 56.

Cruise speed for maximum range of the aircraft is 80 knots, the maximum
level flight speed is 90 knots based on power limitation, and the terminal
dive speed is 103 knots. Stall speedsare 30 knots with wing empty and

70 knots with fully loaded wing.

Several natural modes of the wing considered in the flutter analyses are
shown in Figure 4. First is the rigid body flapping mode of the wing about
its hinge. The motion is restrained by an aerodynamic spring resulting from
the change of angle of attack with flap. For 80 knots cruising speed, the
natural frequency is 1.310 cps for the empty wing and 0.342 cps for the
fully loaded wing. Note that because of the skewed hinge, each flapwise
element of the wing exhibits both a vertical and a pitch motion in this
rigid body flap mode. Wing bending natural modes, the first with flap
bending predominant, the second with torsion predominant, are alsc shown

in Figure 4. Other fuel loading conditions which vary the chordwise and
spanwise C.G. locations are also given. The rigid body modes are calculated
directly in Appendix C; the flexible modes are calculated by an associated
matrix computer analysis with the numerical data given in Appendix C.
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1I1TI. METHOD OF ANALYSIS

The equations of motion for the anti-symmetric and symmetric analyses are
determined from the kinetic and potential energies by the use of the
Lagrange procedure in Appendices A and B. Oscillatory aerodynamic loads
are introduced through the generalized force in each equation of motion
using Theodorsen's two-dimensional, incompressible unsteady aerodynamics,
Reference 7, with numerical values of these airloads taken from AF Report
4798, Reference 8. The equations of motion are then written in matrix
form to obtain a flutter determinant. Symmetric and anti-symmetric deter-
minants are presented in Figures 5 and 6; detail derivations are given in
Appendices A and B

It is noted that the flutter derivations presented in the appendices con-
sider the calculated wing modes as normal modes of the ccmbined fuselage-
wing system. Consistent with this assumpticen, the products of the gener-
alized coordinates between the fuselage and wing are zero by the orthogo-
nality condition that exists between normal modes However, wing mode
calculations of the present analysis were performed without the fuselage
properties. Therefore, the calculated wing modes are not normal modes of
the system, thereby eliminating the assumed orthogonality condition In
compensating for this inconsistency, the flutter determinants shown in
Figure 5 and 6 include the additional mass coupling terms between the
fuselage and wing coordinates.

In general, each main diagonal element c¢f a flutter determinant repre-
sents the mass and inertia effective in a degree of freedom, the spring
restraint in the degree of freedom, and the oscillatory airloads pro-
duced by and acting in the degree of freedem. Each off-diagonal element
represents the airload coupling existing between the degree of freedcm
of its determinant row position and the degree of freedom of its derter-
minant column position.

The anti-symmetric flutter determinant is shown in Figure 5. The degrees
of freedom are

9 = fuselage roll
Hp1 = first coupled flap bending-torsion mode, wing
Hp2 = second coupled flap bending-torsion mode, wing

The first coordinate, fuselage roll, introduces mass terms and aercdynamic
loads, but does not contain any spring terms because of the zero natural
frequency of this mode The two flexible modes are written generally, so
as to accommodate any type of wing mode, whether it be flexiblie bending-
torsion or rigid beody on the wing hinge. Accommodaticn of three wing
modes would have been more cenvenient in handling the present preblem
(rigid flap, first and second coupled flap bending torsion), but an avail-
able computer program with two wing mcdes made the latter meore expedient
It is shown later that all three pairs of these modes were employed, sc as
to cover the flutter coupling possibilities




The symmetric flutter determinant is shown in Figure 6. The degrees of free-
dom are:

-z

Z/

fuselage vertical motion

fuselage pitch
Hpp = first coupled flap bending~torsion mode, wing
Hp2 = second coupled flap bending-torsion mode, wing

The first two coordinates introduce mass and aerodynamic terms but do not
contain spring terms because of their zero natural frequencies. The two
flexible modes are used in the same way as in the antisymmetric case.

Since it is assumed that the oscillations are harmonic, for example

Hpy = Hblelwt and Hp; = -w? & Hy @ icot | the unknown flutter frequency W
appears in every acceleration term. Each equation is divided through by
w? , causing the frequency to agpear as a denomjnator of the fuselage ef-
fective spring constant Mlgff <) “bl and M2,¢¢ @ p2. This results in two
ratios tOp1/w and W2/, in which the unknown flutter frequency appears.

An additional complexity exists, however, in the numerical evaluation of
the airloads. The airloads are all functions of the Strouhall number V/bw
where V = aircraft forward speed, Zb = airfoil chord and <2 = flutter fre-
quency. Since the flutter frequency is required in order to determine the
airloads, but cannot be known until the flutter determinant is solved, it
is seen that a trial and error solution is necessary.

A conventional method of solution avoids the trial and error procedure by
artifically creating two unknowns: /. = (Cobl/co)z, the squared ratio of
the flrst c0ugled bending frequency to the flutter frequency, and

I =w bl/CO the squared ratio of the two modal frequencies. Since
each element of the determinant is a complex number by virtue of the form
in which the airloads are obtained, the determinant can be expanded and
then separated into one real and one imaginary equation. These two equa-
tions can then be solved simultaneously for the two unknowns ~A. and 3?

Repetitions of this procedure are made for several airload sets corresponding
to several values of the parameter V/b« . The A and ¥ results, along with
the corresponding V/bs) number, are converted to an airspeed V and a ratio
Wpl/wWp2- Finally a plot of V versus ratio « 41/ o is made, composed

of points for each V/bsw . The intersection of the known “>b1/d>b2 line
with the plotted curve determines the flutter speed V of the aircraft. The
slope of the curve at the intersection is a measure of the sensitivity of
the flutter to the magnitude of the modal natural frequencies.

10
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IV, DISCUSSION OF RESULTS

Results of the flutter analyses are summarized briefly in the table below, with the
detailed flutter curves shown later.

CASE FLUTTER, KNOTS

2 Tip Celld/{l. Rigid Mode eJ
25.8% Fuel |[2. First Coupl
Flap-Torsion

1. Rigid Mode ILFirst Coupled
2. Second Coupled] Flap-Torsion
Flap-Torsion|Second Coupled

100% Fuel 0% Fuel

o (Eoleh Flap Torsion
8000 1bs. | 1000 1bs. 6650 1bs. Anti Svym. Anti Sym. Anti Sym.
1 67 90
5 " 65 160
3 No No
4 130 90
5 120 180
[ No No
7 90 55
8 No 95
9 No No

2 Tip Cells All Cells| All Cells
24 .27 Fuel 25.8% Riel|24.2% Fuel
Aft C.G. Max Fwd CG |Max Aft C.G.

"6600 lbs. | 2850 1bs. |2690 lbs.

10 55 48
11 55 65
12 No No
13 No No
14 95 160
15 No No
16 35 35
17 a5 35
18 No No
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The cases include full fuel, empty, tip cells partially full to produce
maximum forward and aft C.G. in the tip cell, and partial fuel in all the
cells so as to produce the maximum forward and aft C.G. for the whole wing.
For each fuel configuration analyses have been performed for various

modal combinations, rigid and first coupled flap bending-torsion, rigid
and second coupled flap bending-torsion, first and second coupled flap
bending-torsion modes. The table gives the critical flutter speed in
knots for the anti-symmetric and symmetric analyses.

Cases 1, 2, 3 cover the fully fueled wing, and show a minimum flutter

speed at 65 knots. With rigid flap and first flexible flap-torsion cou-
pled, flutter appears at 67 knots for the anti-symmetric case and 90 knots
for the symmetric case. Rigid flap with second bending torsion leaves

the anti-symmetric critical at 65 knots, but increases the symmetric to

160 knots. Coupling the bending-torsion modes produces no flutter solution,
so this case is stable.

Cases 4, 5 and 6 review the flutter results for 0% fuel with each wing at

the 1000 1b structural weight. Again, as in the previous cases, the modes
were paired, rigid-first flexible, rigid-second flexible and first flexi-

ble - second flexible, for the flutter investigations. Both combinations

with rigid flap produce flutter speeds, whereas the flexible pair, as for

the fully loaded wing, indicates no flutter speed. Flutter criticals here
are generally higher than for the fully fueled wing, reflecting an approx~-
imately 2 to 1 frequency increase in the modes.

Since the 7000 1b fuel load is so large with respect to the 1000 1b
structural weight, the problem of fuel slosh in the chordwise direction
is investigated. While much work has been done in this field, no com-
pletely satisfactory representation appeared to be available. As an
approximation of the slosh effect it is assumed that the major effect of
the fuel slosh is to move the chordwise center of gravity to an extreme
forward or aft position.

Cases 7, 8 and 9 assume that the pair of cells nearest the wing tip are
drained until a partial fuel level is reached. This portion of the

fuel is then considered to be sloshed forward so as to rigidly fill the
forward portion of the tank, and results in a maximum forward C.G. travel.
The fuel quantity for this condition is calculated in Appendix C to be
25.8% of the tip cell, normal fuel. Flutter analyses, using the same
modal combinations show stability with the operating speed band for three
of the six pairs; two cases show medium flutter speeds, and one case a
low flutter speed. The rigid first flexible symmetric flutter speed cal-
culated at 55 knots, is within the operating speed and less than the mini-
mum for a fully loaded wing. Marginal flutter conditions exist for other
modal combinations, namely rigid-second flexible symmetrical and rigid-
first flexible anti-symmetrical with calculated speeds near 90 knots.

Similar cases, where the fuel is sloshed aft so as to rigidly fill the
aft section of the outboard tanks, and move their C.G.'s to the most aft
position are shown for identical modal pairs in cases 10, 11 and 12.
Appendix C calculates the fuel quantity for this condition to be 24.27%
of the maximum tip cell load. 1In this configuration, a low flutter speed
exists in each modal pair that includes the rigid flap mode. Flutter
speeds as low as 48 knots are calculated in this group of cases.

14




It is clear from the investigation of tip cell C.G. variations that the
chordwise C.G. does influence the flutter speed, lowering it from 65
knots with full fuel to a minimum of 48 knots, a change of 17 knots,
However, it is probable that any configuration change which would raise
the flutter speeds of the fully loaded wing would also be effective for

these partial fuel cases.

The last six cases presume a drastic slosh condition, where in cases 13,
14, and 15, every tank is partially loaded to 25.8% of capacity and the
quantity is sloshed fully forward, and to 24.27% of capacity and this quan-
tity is sloshed fully aft. The forward C.G. produces flutter in only two
modal combinations, but the aft C.G. version produces low flutter speeds
whenever the rigid mode is included. Forward C.G. flutter speeds appear
at 95 and 160 knots when including the second flexible mode with rigid
flap. With the adverse influence of the aft C.G., flutter speeds occur
between 35 and 55 knots for the rigid-flexible mode pairs.

Since the cruise speed of the floating wing system is slated to be 80
knots, these flutter results are obviously unacceptable. It will be
shown later that these low critical speeds are closely related to the
general roll instability of the delta hinge arrangement Some improve-
ment could be obtained through inclusion of hydraulic dampers at the
hinges, recommended previcusly for mechanical instability control. The
latest design arrangement with a straight hinge parallel to the fuselage
longitudinal axis and geared flaps tc maintain the proper wing attitude,
will probably not exhibit these undesirable flutter characteristics.

15




Flutter Frequency Ratio Plots

The results of the flutter calculations are presented in more detail in
Figure 7 through 11. As described under Section III, the analysis is con-
ducted by varying the airloads over a range of the parameter V/bw, and
solving for flutter speeds and modal frequency ratio as though the latter
were unknowns. These results are plotted as flutter speed versus frequency
ratio, and when the curves intersect actual modal frequency ratios, a real
flutter speed is predicted. The frequency ratio plots are presented in the
following figures:

Figure Fuel Condition
7 100% Fuel
8 0% Fuel
9 Tip Cells Partial Fuel, Forward C.G.
10 Tip Cells Partial Fuel, Aft C.G.
11 All Cells Partial Fuel, Forward C.G.
12 All Cells Partial Fuel, Aft C.G.

As an example, results for the 100% fuel condition, Cases 1, 2, and 3 appear
in Figure 7. Three modal combinations are presented, 1. Rigid Flap-First
Coupled Mode, 2. Rigid Flap-Second Coupled Mode, 3. First Coupled Mode-Second
Coupled Mode. The actual frequency ratios for these mods combinations are:

Fuel Rigid Flap First Coupled Mode, CPS Second Coupled Mode, CPS
100% 0 4.08 7.48

Rigid Flap = _0 = 0

First Coupled Mode 4.08

Rigid Flap = 0 = Q

Second Coupled Mcde 7.48

First Coupled Mode - 4.08 = 0.547

Second Coupled Mode 7.48

It is noted that the rigid body flap mode of the wing on its delta hinge is
taken to be at zero frequency f.: the wing in a vacuum. The determinant
solution contains airloads which provide the steady aerodynamic spring. That
is, an up motion of the wing on its hinge reduces the angle of attack, reduc-
ing the steady lift and causing the wing to drop on its hinge. Similarly, a
down motion of the wing increases the angle of attack and the lift and raises
the wing back towards its neutral position. If the wing is analyzed in the
presence of this type of air-spring alone, the flapping natural frequency is
‘0.16 CPS.
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In the symmetric solution, the zero frequency ratio line intersects
the stability boundary curve in both combinations with rigid flap
showing a flutter speed of 90 and 160 knots.

The symmetric solution composed of the first and second coupled modes
produces no stability boundary curve within the normal range of V/bw
values. Lower flutter speeds are obtained from the anti-symmetric
solution having intersections which define flutter speeds at 67 and
65 knots. Again, no stability boundary curve is produce<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>